A paraffin-oxidizing bacterium, designated as Pseudomonas aeruginosa ATS-14, was isolated from soil samples obtained from the Athabasca "tar sands." This strain utilized kerosene as the only carbon source of energy and produced a high concentration of pyocyanine in the culture medium. Aromatic carbons were not attacked, but C1l to C17 n-alkanes were readily oxidized by the pseudomonad and formed pyocyanine. The highest yield of the pigment was obtained from hexadecane and heptadecane.
The ability of microorganisms to utilize hydrocarbons as a sole carbon source is well known (1, 10) . Studies on the intermediates or end products formed by the microbial dissimilation of hydrocarbons have been increasing over the past decade (2, 5) . The biosynthesis of various end products by microorganisms oxidizing hydrocarbons is well documented (1, 3) . In particular, protein production from petroleum has reached the semicommercial stage (9) . Although a variety of end products have been indicated, the production of pigment has not been reported.
While collecting and examining newly isolated hydrocarbon-oxidizing microorganisms, we observed the accumulation in certain media of a blue pigment, subsequently identified as pyocyanine. This investigation concerns the biosynthesis of this pigment by a hydrocarbon-oxidizing pseudomonad.
MATERIALS AND METHODS
Isolation and growth studies were carried out on basal medium of the following composition: NaNO3, 1.0 g; MgSO4.7H20, 0.2 g; KH2PO4, 0.9 g; K2HPO4, 2.1 g; FeSO4-7H20, 10 .0 mg; CuSO4-5H20, 0.3 mg; MnSO4-H20, 0.11 mg; ZnSO4-7H20, 4.0 mg; Na2B407-10H20, 0.7 mg; Na2MoO4.2H20, 0.05 mg; distilled water, 1,000 ml. The pH of the medium was 7 after sterilization. Hydrocarbons were added directly to sterilized media at about 1% (v/v).
Samples of soil (about 0.1 g), from oil-bearing regions of the Athabasca "tar sands," Alberta, Canada, were mixed with 50 ml of mineral saltkerosene medium and were incubated for 5 to 7 days at 30 C without shaking until turbidity developed.
After several subcultures, samples of the turbid medium were then streaked on agar of the same composition as the basal medium and were incubated at 30 C until colonies developed. Typical colonies were selected and purified. Stock cultures were maintained on agar slants and transferred once a month.
To determine the optimum cultural conditions for pigment production from kerosene, cultures were incubated on a gyratory shaker at 200 rev/min and stationary at 25, 35, and 42 C.
For pigment production, a stationary starter culture of 100 ml was inoculated from a nutrient agar slant and was grown at 35 C for 24 to 48 hr; then 10 ml was reinoculated into 1 liter of mineral saltkerosene medium. Pigment production and biomass were examined daily. Normally, cultures were harvested after 10 days for pigment isolation.
The determinative techniques used were mainly those described by Schaub et al. (6) , and some of the detailed procedures were as reported by Wahba (8) . The selected isolate was differentiated, and bacterial genus was assigned according to similar characteristics described by others (Bergey's Manual, 6th ed.; 6).
The pigment was extracted into chloroform from the cell-free broth, extracted again into 0.1 N HCl which was made alkaline with 0.1 N NaOH, and extracted still again with chloroform. After repeating this procedure twice, the crude chloroform extract was passed through a column of alumina. The pigment was adsorbed as a deep blue band and was eluted as a single sharp band with a chloroformethyl alcohol mixture (9: 1, v/v). The effluent containing the blue pigment was evaporated in vacuum, the residue was taken up in acidic methanol, and chloroform was added. After evaporation in vacuum to the point where crystals first formed, crystallization was completed overnight at 0 C. Crystals were collected by centrifugation, dried in vacuum over P205, and purified by recrystallization.
Cell weights were determined by drying samples at 96 C under vacuum to constant weight.
In assessing the rate of the pigment production, the pigment was extracted from 1 ml of centrifuged broth in a manner described above. Its concentration was determined colorimetrically at 320 nm with isolated pyocyanine as standard.
Paper chromatography was carried out on Whatman no. 4 paper and was developed by two solvent systems: (i) n-butyl alcohol-acetic acid-water (4:1:5) and (ii) concentrated NH40H saturated with n-butyl alcohol. Ultraviolet spectra were recorded on a Cary spectrophotometer (model 14). Measurements were made on solutions in methanol, 0.1 N HCl, and 0.1 N NaOH in 50% aqueous methanol. Infrared spectra were recorded on a Perkin-Elmer 521 spectrophotometer.
The paper-disc agar-diffusion method, with circular discs of filter paper (5 mm in diameter), was used to demonstrate the in vitro antibacterial activity of the pigment. The discs were impregnated with 10 to 20 gug of the pigment dissolved in chloroform. The solvent was evaporated and the discs were placed on agar plates sown with Escherichia coli and mixed bacteria of throat origin. Plates were incubated at 35 C and were examined after an overnight incubation.
RESULTS AND DISCUSSION
The isolate appeared as actively motile, gramnegative short rods, occurring singly and in pairs. It grew well at 25, 35, and 42 C on nutrient agar and on 1 % triphenyltetrazolium chloride as well as on 2% cadmium sulfate. Oxidase reaction was positive. Gelatin was liquified in 18 hr, producing a greenish-yellow color. Litmus milk broth was peptonized and turned alkaline. Glucose, lactose, and sucrose were not fermented on triple sugar iron agar slants; no hydrogen sulfide or other gas was produced, but the slant surface became slightly alkaline. Pyocyanine was produced on both modified Siena medium and on nutrient agar (8) .
These observations indicated that the organism was Pseudomonas aeruginosa (Bergey's Manual, 6th ed.; 6, 7, 8) and it was designated as strain
ATS-14.
A considerable amount of blue pigment was produced by this strain when grown on kerosene as the sole carbon source. A typical experiment is shown in Fig. 1 . Pigment production began during the first 24 hr of growth, and the maximal pigment production of 120 to 140 mg/liter was achieved at the end of the 10th day of incubation, several days after growth was at the maximum [about 1 g (dry weight) /liter].
Maximal pigment production was obtained at 35 C under stationary conditions. More pigment was produced at 35 C than at 25 C, whereas practically no pigment was produced at 42 C. Lesser amounts of pigment were elaborated in shaken flasks ( Table 1 ). a Hydrocarbon (1%, v/v) was added to 1 liter of basal salt medium, pH 7.0, inoculated with 10 ml of medium from a similar culture. b A similar series, carried out under shaking and stationary conditions at 42 C, failed to produce any pigment, although visually growth appeared to be the same at all three temperatures. Biomassb Pigment Biomassb Pigment Biomassb Pigment Biomassb Pigment Biomassb Pigment (g/liter) (jg/ml) (g/liter) (jig/ml) (g/liter) (jg/ml) (g/liter) (jig/ml) ( Growth response and pigment production on individual n-alkane hydrocarbons (C7 to C17) were examined ( Table 2) . Growth in n-heptane, n-octane, and n-nonane was slow and no pigment was formed in 10 days. In n-decane, the growth started on the 2nd day, and in n-undecane to nheptadecane growth was initiated on the 1st day. Within the homologous series, the rate of pigment production was more rapid with increasing chain length, although the maximal amount was virtually constant over n-tetradecane to n-heptadecane. The maximal yield of pigment obtained in the culture broth containing n-heptadecane as sole carbon source was almost equal to that obtained in kerosene-basal medium, but the time required to produce the same amount of pigment was shorter. The aromatic hydrocarbons (cyclohexane, m-xylene, ethylbenzene, styrene, and benzene) did not support growth of the culture.
LEE AND WALDEN
The pigment recrystallized from chloroform appeared as dark blue crystals, with a melting point of 120 to 130 C. In descending paper chromatography, with n-butyl alcohol-acetic acidwater and n-butyl alcohol-ammonium hydroxide solvent systems, Rp values were 0.65 and 0.62, respectively. Repeated paper chromatography and co-chromatography of pigment from various hydrocarbons showed a single identical compound. Elemental analysis and infrared and mass spectroscopy identified the blue pigment as pyocyanine (CM3HU2N20), a phenazine derivative commonly elaborated by the pseudomonads (4).
Ultraviolet spectra resulting from protonation and deprotonation in acidic and alkaline media are compatible with this identification. The in vitro antibacterial activity of the purified pigment, at the 10to 20-Ag level, against E. coli and normal flora from the human throat was demonstrated by the zones of inhibition, 10 to 12 mm in diameter, surrounding the paper disc. Elaboration of commercially valuable by-products from petroleum hydrocarbons is a research area which is gaining significance. Thus, the production of the pigment pyocyanine in relatively high yield from n-alkanes of 10 to 17 carbons is of interest. Its production by fermentation of petroleum may be of value for possible use as a chemical intermediate.
